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ABSTRACT 


An  experimental  investigation  was  performed  to  determine 
the  fracture  resistance  of  4  in.  diameter  circumferentially 
welded  type  304  stainless  pipe  at  550 °F  (288°C).  Two  crack 
geometries  were  investigated.  These  were  a  circumferential 
through  wall  crack  (simple)  and  circumferential  through  wall 
crack  superimposed  on  a  360  degree  radial  crack  on  the  inside 
diameter  of  the  pipe  (complex).  Test  results  were  analyzed 
using  J-integral  and  limit  load  techniques.  Additionally,  J- 
integral  resistance  curve  tests  were  performed  on  large  plan- 
size  compact  tension  specimens  for  comparison  with  the  pipe 
specimen  results. 

Results  of  the ‘ J-integral  analysis  indicate  that  J- 
initlation  for  pipes  containing  simple  cracks  was  approxi¬ 
mately  1120  kJ/m^  (6400  in-lb/in^)  and  a  factor  of  four 
decrease  in  J-initiation  was  noted  for  pipes  containing  the 
complex  crack.  Good  agreement  was  shown  at  J-initiation 
between  pipe  specimens  containing  the  simple  crack  geometry 
and  compact  tension  specimens*  The  accuracy  of  the  limit  load 
analysis  was  variable  for  pipes  containing  the  simple  crack 
geometry  with  the  average  predicted  limit  load  calculated 
using  the  ASME  Code  flow  stress  being  8.7%  higher  than  that 
actually  attained  in  the  tests.  The  calculated  limit  loads 
based  on  the  ASMS  Code  flow  stress  were  conservative  for  the 
complex  crack  cases. 
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INTRODUCTION 

The  fracture  resistance  of  type  304  stainless  steel  piping  is  of  concern 
in  the  nuclear  power  industry  due  to  the  potential  presence  of  stress  corrosion 
cracks  associated  with  weldments  in  this  material.  Because  of  the  high  tough¬ 
ness  of  reactor  piping  materials  and  the  large  amount  of  plastic  deformation 
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and  crack,  growth  which  occurs  prior  to  fracture  instability,  linear  elastic  fracture 
mechanics  procedures  for  assessing  fracture  safety  are  felt  to  be  unnecessarily  con- 
aervative .  However,  a  relatively  simple  safety  analysis  is  desirable. 

The  objectives  of  this  investigation  were  threefold.  The  primary  objective  was 
to  evaluate  the  fracture  toughness  of  welded  type  304  stainless  steel  pipe.  The 
second  objective  was  to  evaluate  the  applicability  of  using  compact  tension  specimens 
to  model  the  pipe  fracture  behavior.  This  is  important  due  to  the  relatively  high 
cost  of  full  scale  pipe  fracture .experiments,  lastly,  the  full  scale  pipe  fracture 
tests  were  evaluated  using  the  limit  load  technique  prescribed  in  the  American 
Society  of  Mechanical  Engineers  (ASME)  Boiler  and  Pressure  Vessel  Code. 

In  order  to  accomplish  these  objectives,  a  series  of  seven  full-scale  pipe 
fracture  experiments  on  circumferentially  welded,  4-in.  nominal  pipe  size  (NPS) 

(mean  diameter  106  mo)  schedule  80,  type  304  stainless  steel  pipe,  and  a  series  of 
of  five  fracture  experiments  on  compact  tension  specimens  were  performed.  The  com¬ 
pact  specimens  ranged  in  plan  size  from  IT  to  3T  with  the  thickness  dimension  the 
same  as  the  pipe  wall  thickness. 

BACKGROUND 

Fracture  experiments  on  full-scale  pipe  specimens  have  been  conducted  by 
several  investigators.^"*^  An  apparent  geometry  dependence  of  the  J-integral  re¬ 
sistance  (J-&)  curve  obtained  from  full-scale  tests  was  reported  by  Wilkowski, 
et  al.^-  In  this  work,  J-R  curves  obtained  from  two  types  of  laboratory  specimens, 
the  center  cracked  panel  and  the  three-point  bend  specimen,  were  compared  with 
J-R  curves  obtained  from  4-in.  NPS  pipes  containing  circumferential  through-wall 
notches  and  loaded  in  four-point  bending.  The  authors  cited  a  dependence  of  the  J-R 
curve  on  the  degree  of  constraint  at  the  crack  tip  and  attributed  the  differences  iu 
results  obtained  from  the  different  types  o *  specimens  to  this  dependence. 
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Vasailaros,  at  al.^  obtained  relatively  good  agreement  between  full-scale  pipe 
fracture  experiments  and  laboratory  sized  compact  tension  specimens  for  a  ferritic 
piping  steel.  In  this  case,  the  compact  specimens  were  cut  directly  from  the  wall 
of  the  8  in.  NFS  pipe  of  the  same  type  that  was  used  in  the  fracture  experiments. 
This  limited  the  maximum  size  of  the  compact  specimens  to  IT  plan.  Larger  2T  plan 
specimens  were  also  used  in  this  work  but  the  specimen  blanks  had  to  be  flattened 
prior  to  testing  and  were  found  to  yield  results  inapplicable  to  the  pipe  specimens. 
Due  to  the  relatively  small  size  of  the  IT  and  2T  plan  compact  specimens,  the  J-Et 
curve  results  were  comparable  over  a  very  small  range  of  crack  extension. 

The  ASME  Code,  Section  XI  IWB-3640^  gives  guidance  for  the  evaluation  of  pipe 
flaws  in  austenitic  stainless  steel  piping  and  associated  nonflux  weldments.  The 
failure  criterion  due  to  Rangaaath,  et  al.^  is  based  on  net  section  collapse.  This 
criterion  has  been  shown  to  be  effective  in  predicting  failure  of  stainless  steel 
pipes  containing  circumferential  cracks.6*7 

MATERIALS 

The  full-scale  pipe  fracture  experiments  were  performed  on  4-in.  NPS  (mean 
diameter  101.6  tna)  schedule  30,  circumferentially  welded  SA-312  type  304  stainless 
steel  pipe  sect ions' with  an  overall  length  of  approximately  1219  mm  (48  in.).  The 
pipes  were  welded  at  Battalia's  Pacific  Northwest  Laboratories  using  an  automatic 
gas  tungsten  arc  welding  procedure.  The  edge  preparation  was  single  “V"  and  the 
average  heat  Input  was  1.13  kJ/sa  (30  kJ/ln.).  Due  to  the  small  diameter  of  the  . 
pipe,  the  compact  and  tensile  specimens  were  machined  from  914.4-ma  (36-in.)  long 
by  8.64-ma  (0.34-ia.)  thick  plates  welded  using  nominally  the  same  procedure  and 
heat  input  in  order  to  approximate  the  pipe  tensile  and  fracture  properties.  The 
edge  preparation  was  double  "V". 
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The  tensile  properties  of  the  base  and  weld  material  at  288°C  (550°F)  were 
measured  at  Battelle's  Columbus  Division  and  are  given  in  Table  1.  The  base  metal 
tensile  specimens  were  oriented  with  the  long  axis  in  the  direction  of  the  weld 
length.  The  weld  metal  specimens  were  machined  in  the  same  orientation  and  made 
entirely  of  weld  metal.  It  can  be  seen  from  the  table  that  the  weld  metal  had  a 
yield  strength  approximately  twice  that  of  the  base  metal  and  a  flow  stress  (calcu¬ 
lated  as  the  average  of  the  yield  and  ultimate  strengths)  approximately  62  MPa 
9  kai)  greater  than  the  base  metal.  The  materials  exhibited  similar  tensile  duc¬ 
tility  properties. 


EXPERIMENTAL  PROCEDURE 

PIPE  SPECIMEN  TESTS 

The  full-scale  pipe  fracture  specimens  were  loaded  in  four-point  bending  using 
a  1.33  Ma  (300,000  lb)  capacity  screw  type  testing  machine  under  displacement  control 
in  a  manner  similar  to  that  of  Vassilaros,  et  al.^  Figure  1  gives  a  schematic  of 
the  loading  configuration.  Five  channels  of  data  were  taken  during  the  experiments 
Including  load,  cross-head  deflection,  load  line  displacement,  crack  mouth  opening 
displacement,  and  electrical  potential  drop  across  the  crack  mouth.  All  of  tS»e 
data  were  scored  in  digital  fora  ou  magnetic  media.  Two  crack  configurations  were 
tested  as  shown  in  Fig.  2.  The  first  was  a  through  wail  crack  growing  circum¬ 
ferentially  (simple)  and  the  second  was  a  through  wail  crack  superimposed  on  a 
360  degree  Interior  radial  flaw  (complex).  The  flaws  were  machined  such  that  they 
were  contained  entirely  within  the  weld  metal  and  were  sharpened  In  fatigue  prior 
to  testing.  A  total  of  seven  pipe  teats  were  conducted.  Five  tests  were  conducted 
In  a  noncocpliant  test  rig  and  two  were  conducted  in  a  test  rig  made  compliant  using 
springs  In  series  with  the  load  train.  The  J-integral  analysis  was  performed  for 
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the  five  pipes  tested  In  the  noncompliant  test  rig  while  the  limit  load  analysis 
was  performed  on  all  pipe  specimens.  The  complete  pipe  test  matrix  is  given  in 
Table  2. 

Crack  extension  during  the  tests  was  monitored  using  elastic  compliance  and 
DC  potential  drop  (DCPD)  techniques  simultaneously.  The  elastic  compliance  technique 
used  the  slope  of  the  load  versus  crack  mouth  opening  displacement  curve  obtained 
during  small  elastic  unloadings  performed  periodically  during  the  tests.  The  speci- 
imen  compliance  was  then  compared  to  a  compliance  calibration  curve  to  predict  crack 
extension.  The  calibration  curve  used  initially  was  that  of  Joyce®  which  was  con¬ 
structed  using  results  from  4-in.  NPS  aluminum  pipe.  However,  during  loading  and 
subsequent  crack  growth  in  tin  stainless  steel  pipe  tests,  ovalization  of  the  crack 
cross-section  similar  to  that  observed  by  Bruckner,  et  al.^  occurred  with  the  verti¬ 
cal  diameter  of  the  cross-section  becoming  longer  and  the  horizontal  diameter  be¬ 
coming  shorter.  This  ovalization  produced  a  stiffening  of  the  New  calibration 
curves  were  constructed  using  the  measured  initial  and  final  crack  lengths  and  the 
measured  specimen  compliances  for  both  crack  geometries.  Figure  3  compares  the 
compliance  calibrations  used  for  the  pipes  with  that  of  Reference  [8].  The  curve 
used  for  the  pipe  specimens  containing  simple  flaw  geometries  has  a  lower  slope 
than  the  other  two  curves  on  the  figure.  This  indicates  that  when  crack  cross- 
section  ovalization  takes  place,  a  real  increase  in  specimen  compliance  cor¬ 
responds  to  a  larger  increase  in  crack  length  than  when  the  crack  croas-aection  re¬ 
mains  circular,  because  of  the  presence  of  the  radial  flaw  in  the  pipes  containing 
complex  crack  geometry,  very  little  cross-section  ovalization  took  place  during  the 
tests.  Thus  th*  compliance  calibration  curve  for  the  complex  crack  case  appears 
ver>  similar  to  that  of  Joyce.® 


Table  1.  Base  and  weld  metal  tensile  properties  at  288°0  (550'7). 


ULTIMATE 

STRENGTH 

MPa  (ksi) 

FLOW 

STRESS 

MPa  (ksi) 

%  ELONG 
(IN  1  in.) 

%  RED. 
HI  AREA 

WELD 

306 

(44.3) 

451 

(65.4) 

379 

(54.9) 

i 

33 

74.3 

291 

(42.2) 

443 

(64.3) 

368 

(53.3) 

30 

72.9 

AVG 

299 

(43.3) 

447 

(64.8) 

373 

(54.1) 

31.5 

73.6 

BASE 

153 

(22.2) 

464, 

(67.3) 

309 

(44.8) 

39.0 

70.8 

157 

(22.8) 

474 

(68.8) 

316 

(45.8) 

40.5 

70.8 

AVG 

155 

(22.5) 

469 

(6P. 1) 

312 

(45.3) 

39.8 

70.8 

I 

I 


Table  2.  Pipe  specimen  test  matrix. 


Pipe 

Crack 

Init. 

Outer 

Inner 

Mean 

Wall 

Radial 

ID 

Geom. 

Crack 

£  4P 

Span 

Radius , 

thick- 

Crack 

a/t 

Angle, 

L?  jtu.  , 

Length, 

ness. 

Length, 

2 

L 

S 

R 

c 

a 

mo 

dsg. 

(in*). 

(in.) 

.  (in.) 

(in.) 

(in*) 

GAM-100 

100 

1067 

381 

52.8 

8.64 

-• 

(42) 

(15) 

(2.08) 

(0.34) 

GAM-200 

139 

1067 

381 

52.8 

8.64 

•m 

(42) 

(15) 

(2.08) 

(0.34) 

GAM-700* 

Simple 

96.3 

1067 

381 

52.8 

8.64 

- 

(42) 

(15) 

(2.08) 

(0.34) 

GAM-800* 

118 

1067 

381 

52.8 

8.13 

- 

(42) 

(15) 

(2.08) 

(0.32) 

GAM-900 

107 

1067 

381 

52.8 

8.26 

- 

- 

(42) 

(15) 

(2.08) 

(0.33) 

^AM-400 

Complex 

154 

1067 

381 

54.6 

8.64 

3.28 

0.380 

(42) 

(15) 

(2.15) 

(0.34) 

(0.129) 

GAM-600 

128 

106/ 

381 

52.8 

8.38 

2.21 

0.256 

(42) 

(15) 

_ 

(2.08) 

(0.33 ) 

(0.087) 

Compliant  test 


The  DCPD  technique  used  was  similar  to  that  described  by  Vassilaros  and  Hackett^ 
except  that  the  relationship  between  crack  length  and  potential  drop  after  blunting 
was  obtained  by  fitting  an  exponential  equation  to  the  data  of  Wilkowski  and  Maxey.^® 
After  each  test  the  specimens  were  heat  tinted  and  broken  open.  The  initial  and 
final  crack  lengths  were  then  measured  at  the  inner  and  outer  diameter  as  well  as 
on  several  points  along  the  pipe  radius.  These  average  initial  and  final  crack 
lengths  were  reported  and  used  in  the  DCPD  analysis. 

Due  to  the  spar senes s  of  the  crack  length  data  near  crack  Initiation,  J- 
initlatlon  was  calculated  for  the  pipe  specimens  as  the  intersection  between  the 
blunting  line  an*?  a  straight  line  fit  to  al?  data  after  crack  initiation.  As  com¬ 
pared  with  the  A“TM  E313  standard  for  laboratory  bend  and  compact  specimens,  the 
straight  line  fit  places  more  emphasis  on  points  with  large  crack  extension  and 
tends  to  yield  higher  J-initiation  points. 

COMPACT  SPECIMEN  TESTS 

A  series  of  five  J-R  curve  teats  were  performed  at  288  °C  (550°F)  on  modified 
compact  tension  specimens  with  IT,  2T,  and  3t  plan  geometries.  The  specimens 
blanks  were  cut  from  the  welded  plate  and  machined  to  a  thickness  of  8.64  mm  (0.34 
in.)  which  corresponds  to  the  nominal  pipe  wall  thickness.  The  notches  were  machined 
such  that  they  were  contained  entirely  within  the  weld  and  crack  growth  occurred  In 
the  direction  of  the  weld.  A  schematic  of  the  specimen  design  is  shown  in  Pig.  4 
and  a  test  matrix  is  given  in  Table  3.  All  specimen  measurement  and  preparation 
procedures  detailed  in  ASTM  E813-81  were  followed  in  this  phase  of  testing.  Specimens 
were  precracked  to  an  approximate  0.65  a/W  where  a  Is  the  crack  length  and  W  is  the 
specimen  width. 
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Table  3.  Compact  tension  specimen  test  matrix. 


Plan 

Size 

No.  of 
Specimens 

wm 

57b" 

3T 

l 

152  (6.00)| 

».60  (0.34) 

i 

— — 

99.1  (3.90) 

0.65 

i 

0.162 

2T 

2 

lOz  (4.00) 

1 8 *60  (0.34) 

66.0  (2.60) 

0.65 

0.242 

IT 

3 

50.8  (2.00) 

8.60  (0.34) 

33.0  (1.30) 

0.65 

0.486 

IT 


3 


0.65 


0.486 


Methods  of  estimating  crack  length  used  during  testing  of  the  compact  specimens 
were  similar  to  those  used  for  the  pipe  specimens.  The  computer  interactive  single 
specimen  elastic  compliance  technique  introduced  by  Joyce  and  Gudas^  was  used  as 
well  as  the  DCPD  technique  described  by  Vassilaros  and  Hackett.^  However,  due  to 
the  high  curvature  of  the  crack  opening  displacement  versus  potential  drop  curve, 
maximum  load  was  used  as  the  criteria  for  crack  initiation.  The  J-integral  values 
calculated  for  the  compact  specimens  used  the  crack  growth  corrected  deformation  J 
expression  published  by  Ernst,  Paris,  and  Landes. ^2  J-initiation  values  were  cal¬ 
culated  using  the  standard  ASTM  E813-81  procedure. 

PIPE  SPECIMEN  ANALYSES 
J-INTEGRAL  RESISTANCE  CURVE  ANALYSIS 

This  investigation  included  an  evaluation  of  the  critical  J  for  initiation  of 
of  ductile  fracture  in  the  welded  pipe  and  compact  specimens  and  a  comparison  of 
the  J-R  curves  from  both  types  of  specimens.  J-integral  values  were  calculated 
using  ap  expression  published  by  Zahoor  and  Kanninen.1-*  This  formulation  requires 
actual  load  line  displacement  and  bending  moment  data  as  Inputs  thus  accounting 
for  material  hardening  during  loading.  The  J-integral  expression,  which  also  has 
a  crack  growth  component,  la  as  follows: 

5  $ 

J  -  K2/E  +  0  /  (2P)  dS  +  /  Y  J  d$ 

«o  $o  (1) 

where 

K  ■  atress  intensity  factor; 

E  *  elastic  modulus; 

0  -  -h'(<fr)/Rt  h  ($) 

2P  ■  Total  Bending  Load 
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5  »  plastic  load  line  deflection 
Y  -  h"($)/h'($) 

R  ■  radius 
t  ■  thickness 
$  ■  total  crack  angle 
h(*)  -  [cos  (*/4)  -  1/2  Sin  (4>/2)] 

LIMIT  LOAD  ANALYSIS 

The  limit  load  or  net  section  collapse  approach  assumes  that  the  remaining 
ligament  of  the  crack  cross  section  forms  a  plastic  hinge  and  that  failure  occurs 
at  a  critical  value  of  stress  called  the  flow  stress.  Neglecting  the  stresses  due 
to  internal  pressure,  the  limit  moment  given  by  reference  [14]  (see  Fig.  5): 

Mp  -  4o0R2  t  Mp  (9, a)  (2) 


where 

<»0*  material  flow  stress 
R  •  mean  pipe  radius 

t  ■  mean  wall  thickness 

£  *  half  crack  angle 

a  “  radial  crack  depth/oean  wall  thickness 


and 


Mp  *  (l-a)(cos9/2  -  1  sinQ),  assuming  no  crack  closure  (3) 

I 


or 


cos 9/2  “  1  sinQ 
2 


assuming  crack  closure.  (4) 


It  is  unlikely  that  closure  of  the  radial  crack  on  the  compressive  side  of  the 
neutral  axis  occurred  due  to  the  machining  process  required  to  produce  the  com** 
lex  crack  geometry. 
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A  screening  criteria  for  the  application  of  the  limit  load  analysis  for  pipes 


has  been  developed  by  Wilkowski,  et  al.^  According  to  this  reference,  a  limit 
load  analysis  is  applicable  for  circumferential  cracks  if  the  length  of  the  plastic 
zone  preceding  the  crack  tip  is  greater  than  or  equal  to  the  distance  from  the 
initial  crack  tip  to  the  neutral  axis,  that  is: 


where 

E  ■  elastic  modulus 

Jxc  ■  material  fracture  toughness  from  bend  specimen 
0o  -  material  flow  stress 
D  -  mean  pipe  diameter 
a  ■  half  crack  angle  in  radians 

While  the  numerator  may  not  be  an  accurate  estimate  of  the  plastic  zone  size  for  a 
pipe,  empirical  evidence  suggests  that  a  comparison  of  toughness,  strength,  and 
crack  size  can  be  used  to  evaluate  the  applicability  of  a  limit  load  analysis.  The 
values  of  this  ratio  was  approximately  13  for  the  welded  type  304  stainless  steel 
pipe  specimens  indicating  that  a  limit  load  analysis  should  be  applicable. 

PIPE  J-INTEGRAL  RESISTANCE  CURVE  RESULTS 
SIMPLE  CRACK  GEOMETRY  PIPE  SPECIMEN  RESULTS 

J-R  curve  results  for  pipe  specimen  GAM-100  which  contained  a  simple  through- 
wall  flaw  are  given  in  Fig.  6.  Although  elastic  compliance  and  DCPD  techniques 
were  used  simultaneously  to  estimate  crack  lengths  during  the  tests,  elastic  com¬ 
pliance  data  only  is  available  for  this  specimen.  This  figure  presents  J  versus 
average  crack  extension  data  for  one  crack  tip.  The  filled  symbol  indicates  the 
average  optically  measured  crack  length.  As  can  be  seen  from  the  figure,  the 
elastic  t  ■  llaoce  technique  over-predicted  the  measured  final  crack  length  by 
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approximately  7Z.  During  the  test,  both  crack  tips  remained  vithin  the  weld  metal. 
An  approximate  J-initiation  level  of  822  kJ/m^  (4700  in-lb/in. 2)  was  measured  for 
this  specimen. 

J-R  curve  results  for  pipe  specimen  GAM-200  are  given  in  Fig.  7.  Both  elastic 
compliance  and  DCPD  results  were  obtained  for  this  test.  Again,  the  elastic  com¬ 
pliance  technique  over-predicted  the  final  crack  length  by  a  small  margin.  The 
optically  measured  initial  and  final  crack  lengths  are  used  in  DCPD  analysis  thereby 
precluding  over-estimation  or  under-estimation.  The  elastic  compliance  results 
yielded  a  lower  estimate  of  J-inltiation  and  a  lower  resistance  curve  slope  than 
the  DCPD  technique  for  this  test.  The  J-initiatiou  results  were  962  kJ/m^ 

(5500  in-lb/in. 2)  and  1068  kJ/m^  (6100  in-lb/in. for  the  elastic  compliance 
and  DCPD  techniques  respectively. 

Elastic  compliance  and  DCPD  results  were  also  obtained  for  pipe  specimen  GAM-900 
and  are  shown  in  Fig.  8.  J-initiation  values  for  this  specimen  from  the  elastic 
compliance  and  DCPD  techniques  were  1595  kJ/m^  (9117  in-lb/  in, 2)  and  1150  kJ/m^ 
(6575  in-lb/in.2),  respectively.  In  this  test  the  elastic  compliance  technique 
under-predicted  the  final  measured  crack  length  by  approximately  15Z  leading  to  an 
artificially  high  J-R  curve.  Notable  in  this  figure  is  that  the  elastic  compliance 
technique  produced  a  higher  J-initiation  level  and  a  lower  resistance  curve  slope 
than  did  the  DCPD  technique.  The  high  prediction  of  J-initiation  relative  to 
that  predicted  by  DCPD  may  be  due  to  the  insensitivity  of  the  elastic  compliance 
technique  to  crack  initiation  at  short  Initial  crack  lengths  as  a  result  of  the 
large  distortions  in  the  crack  cross-section  and  overall  plasticity  in  the  region 
near  the  crack. 
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Figure  9  presents  a  comparison  of  the  J-R  curves  for  the  pipes  with  the 
simple  crack  geometry.  Good  agreement  in  overall  J-R  curve  behavior  between  pipe 
specimens  GAM-100  and  GAM-200  is  shown  with  pipe  specimen  GAM-900  being  considerably 
above  these  two  results.  This  difference  in  toughness  is  also  reflected  in  the 
amount  of  ovalization  which  occurred  during  the  tests.  Pipe  specimens  GAM-100  and 
GAM-200  had  changes  in  vertical  diameter  of  32  and  22  respectively  while  specimen 
GAM-900  had  a  change  in  vertical  diameter  of  62.  A  comparison  of  the  DCPD  J-R 
curve  results  in  Fig.  10  shows  ghod  agreement  at  J-initiation  for  pipe  specimens 
GAM-200  and  GAM-900.  The  difference  in  resistance  curve  slopes  may  be  due  to  the 
difference  in  initial  crack  lengths  as  suggested  by  Smith.16  The  range  of  initiation 
toughnesses  measured  here  agree  to  a  large  extent  with  those  measured  for  4  in.  NPS 
base  metal  type  304  stainless  steel  pipes  in  Reference  [1J.  This  result  indicates 
that  the  presence  of  the  overmatching  circumferential  weld  does  not  affect  the 
initiation  toughness  of  the  pipe  to  a  large  degree. 

COMPLEX  CRACK  GEOMETRY  PIPE  SPECIMEN  RESULTS 

J-R  curve  results  for  pipe  specimen  GAM-400  which  contained  a  complex  crack 
geometry  are  given  in  Fig.  11.  Elastic  compliance  and  DCPD  data  agree  very  well 
for  this  specimen.  The  long  initial  crack  angle  (29  ■  154°)  and  nearly  402 
through-wall  radial  crack  reduced  specimen  distortion  and  kept  the  crack  plane 
perpindicular  to  the  long  axis  of  the  pipe  contributing  to  the  repeatability  of 
the  J-R  curve  measurement.  J-initiation  for  this  specimen  was  approximately  262 
kJ/m2  (1500  iu-lb/in.2). 
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J-R  curve  results  from  DCPD  for  pipe  specimen  GAM-600  which  had  an  initial 
crack  angle  28  »  128°  and  a  radial  crack  depth  of  25Z  of  the  wall  thickness  are 
shown  in  Fig.  12.  These  results  indicate  a  J-initiation  value  of  approximately 
228  kJ/m^  (1300  in-lb/in.^)  and  a  high  resistance  curve  slope  as  compared  with 
results  from  pipe  specimen  GAM-400.  This  difference  in  slope  is  evident  in  Fig. 

13  where  results  from  the  two  specimens  are  plotted  together.  The  shorter  initial 
circumferential  and  radial  crack  lengths  in  specimen  GAM-600  produced  higher  loads 
and  more  general  yielding  away  from  the  crack  cross-section.  The  technique  used 
to  measure  the  amount  of  energy  applied  to  the  specimen  cannot  make  a  distinction 
between  that  applied  to  the  crack  tip  and  that  being  used  to  deform  the  base  metal, 
accounting  for  the  difference  in  resistance  curve  slopes  between  the  two  specimens. 

COMPARISON  OF  SIMPLE  AND  COMPLEX  CRACK  GEOMETRY  RESULTS 

Comparison  of  test  results  from  the  pipes  containing  the  two  crack  geometries 
reveals  a  significant  lowering  in  fracture  toughness  from  the  pipes  with  the  simple 
crack  geometry  to  the  pipes  with  the  complex  crack  geometry.  Representative  J-R 
curves  for  pipes  containing  the  two  crack  geometries  from  elastic  compliance  and 
DCPD  data  are  plotted  in  Figs.  14  and  15  respectively.  The  data  in  Fig.  14  indicate 
a  decrease  in  initiation  toughness  by  a  factor  of  approximately  3  and  a  clear  re¬ 
duction  in  resistance  curve  slope  between  the  pipes  containing  simple  and  complex 
cracks.  This  is  expected  due  to  the  high  level  of  constraint  imposed  by  the  complex 
crack  geometry  and  the  38Z  reduction  in  wall  thickness.  The  data  In  Pig.  15  support 
the  large  reduction  in  initiation  toughness  showing  a  reduction  of  approximately 
5-1/2  between  pipes  containing  different  crack  geometries.  Again  there  is  a  reduc¬ 
tion  in  resistance  curve  slope.  However,  it  is  not  as  large  as  the  data  shown  In 
the  previous  figure.  This  is  a  result  of  the  pipe  containing  the  complex  crack 
only  having  a  252  reduction  in  wall  thickness. 
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The  decrease  In  toughness  between  the  pipes  containing  the  simple  and  complex 
cracks  is  also  evident  from  the  load  versus  displacement  records.  Figure  16  gives 
representative  curves  from  pipes  containing  the  two  types  of  crack  geometry.  The 
simple  crack  geometry  is  characterized  by  a  rather  flat  curve  both  before  and 
after,  maximum  load.  The  complex  crack  geometry  is  characterized  by  attainment  of 
maximum  load  very  early  in  terms  of  displacement  and  a  large  negative  slope  after 
maximum  load. 

COMPACT  TENSION  SPECIMEN  J-INTEGRAL  RESISTANCE  CURVE  RESULTS 
ELASTIC  COMPLIANCE  RESULTS 

Both  elastic  compliance  ar.d  DCPD  techniques  were  used  to  estimate  crack  exten¬ 
sion  for  the  compact  tension  specimens  as  well  as  the  pipe  specimens.  Figure  17 
presents  the  J-R  curve  results  from  the  IT  and  2T  plan  specimens  produced  using  the 
elastic  compliance  technique.  There  is  considerable  variability  in  the  curves  with 
the  J-initiation  values  ranging  from  840  kJ/m2  (4800  in-lb/ in.2)  to  1400  kJ/m2 
(8000  in-lb/in.2).  The  figure  shows  that  the  IT  plan  specimen  GGP-l  produced  the 
lowest  curve  of  the  four  specimens  reported.  The  elastic  compliance  technique 
predicted  the  final  crack  length  within  51  for  this  specimen  while  under-predicting 
the  final  crack  lengths  of  the  other  three  specimens  by  an  average  of  30X.  Cor¬ 
recting  the  J-R  curves  of  these  three  specimens  to  meet  the  final  crack  length 
would  produce  lower  curves  and  better  agreement  with  the  results  from  specimen 
GGP-l. 

DC  POTENTIAL  DROP  RESULTS 

The  variability  in  J-R  curves  from  the  compact  specimens  discussed  above  was 
reduced  considerably  when  the  DCPD  data  was  analyzed  since  this  analysis  is  tied 
to  the  measured  initial  and  final  crack  lengths.  This  is  evident  in  Fig.  18  which 


15 


is  a  plot  of  the  J-R  curve  results  from  the  IT,  2T,  and  3T  plan  specimens.  J- 
initiation  values  range  from  approximately  858  kJ/m^  (4900  in- lb/ in. to  1120 
kJ/m^  (6400  in-lb/in.^)  for  these  curves.  It  appears  from  this  data  that  there  is 
no  significant  J-R  curve  dependence  on  specimen  plan  size. 

COMPARABILITY  OF  PIPE  AND  COMPACT  SPECIMEN  J- INTEGRAL  RESISTANCE  CURVE  RESULTS 

An  important  aspect  of  the  work  presented  here  is  the  use  of  laboratory¬ 
sized  compact  tension  specimens  to  model  the  J-R  curve  behavior  of  the  larger  and 
considerably  more  expensive  full-scale  pipe  specimens.  In  this  investigation,  pipes 
with  simple  through-wall  circumferential  cracks  were  modeled  using  nonside  grooved 
specimens  of  varying  plan  size  with  the  thickness  dimension  the  same  as  the  nominal 
pipe  wall  thickness.  The  range  of  J-R  curve  results  from  elastic  compliance  data 
for  both  specimen  types  are  plotted  in  Fig,  19.  It  appears  from  this  figure  that 
the  compact  specimen  data  validates  the  highest  of  the  resistance  curves  from  the 
pipe  specimens.  However,  difference  in  weld  geometry  and  the  inability  of  the 
elastic  compliance  technique  to  accurately  predict  the  final  crack  length  for 
either  the  pipe  or  compact  specimens  leads  to  some  uncertainty  in  the  results.  As 
stated  above,  corraction  for  under-prediction  of  the  measured  final  crack  length 
leads  to  lowering  of  the  J-R  curve  after  crack  Initiation. 

Figure  20  presents  the  range  of  J-R  curve  results  from  DCPD  data  for  the 
pipe  and  compact  specimens.  The  good  agreement  in  initiation  toughness  between 
the  two  types  of  specimens  can  be  seen  from  this  figure.  Comparison  of  resistance 
curve  slopes  is  very  difficult  here  due  to  the  small  amount  of  crack  extension 
which  occurred  in  the  compact  specimens  and  the  sparsity  of  the  pipe  crack  extension 
data  in  the  small  crack  extension  region.  It  does  appear,  however,  that  the  compact 
specimens  show  a  higher  initial  slope  than  the  pipe  specimens.  Far  field  slopes 
appear  comparable  between  the  two  types  of  specimens. 
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PIPE  LIMIT  LOAD  ANALYSIS  RESULTS 


Because  crack  initiation  occurred  prior  to  maximum  load  and  in  some  cases  the 
crack  tips  grew  out  of  the  weld  and  into  the  base  metal,  the  limit  load  analyses 
were  performed  using  three  different  flow  stresses.  The  first  was  the  ASMS  Code 
3  Sm  flow  stress  for  type  304  stainless  steel  at  288°C  (550°F).  That  value  is  352 
MPa  (51.0  ksi).  The  second  and  third  were  calculated  as  the  average  of  the  yield 
and  ultimata  strengths  measured  at  288 ®C  (550 °F)  on  the  weld  and  base  metals  re¬ 
spectively.  These  values  were  measured  using  tensile  specimens  cut  from  the  welded 
plate  used  for  the  compact  specimens  and  are  373  MPa  (54.1  ksi)  and  312  MPa  (45.3 
ksi)  for  the  weld  metal  and  base  metal  respectively. 

SIMPLE  CRACK  GEOMETRY  PIPE  SPECIMEN  RESULTS 

The  results  for  specimen  GAM-100  indicate  that  the  limit  load  analysis  was 
nonconservative  in  that  the  predicted  load  carrying  capacity  calculated  using  the 
limit  load  analysis  was  higher  than  that  actually  achieved  during  testing  for  all 
the  flow  stress  values.  Although  both  crack  tips  stayed  in  the  weld  metal  as 
stated  above,  it  may  still  be  proper  to  apply  the  limit  load  calculated  using  the 
base  metal  materials  property  data.  This  is  justified  due  to  the  large  amount  of 
yielding  that  occurred  in  the  base  metal.  Results  for  all  five  simple  crack  geometry 
pipes  are  given  in  Table  4.  Figure  21  presents  the  test  results  and  limit  load 
analyses  from  specimen  GAM-200.  The  three  horizontal  lines  on  the  figure  correspond 
to  the  limit  loads  calculated  using  the  three  different  flow  stress  values.  Both 
crack  tips  grew  out  of  the  weld  metal  and  into  the  base  metal  during  this  test  and 
extensive  base  metal  plasticity  occurred  indicating  that  the  limit  load  should  be 
calculated  based  on  the  base  metal  flow  stress.  Using  this  value,  the  predicted 
limit  load  was  conservative  by  82.  It  should  be  noted  Chat  the  limit  losd  calculated 
using  the  ASHE  Code  flow  stress  value  predicted  that  actually  attained  by  the  pipe 
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within  3Z.  Figure  22  presents  results  from  another  specimen  (GAM-900)  which  shows 
very  good  agreement  between  the  predicted  limit  load  calculated  using  the  ASME  Code 
flow  stress  and  the  actual  maximum  load.  The  predicted  load  calculated  using  the 
weld  metal  materials  property  data  is  4.4Z  nonconservative.  While  the  predicted 
load  calculated  using  the  base  metal  materials  pr  perty  data  was  11. 6Z  conservative. 

The  limit  load  calculated  using  the  ASME  Code  flow  stress  was  the  most  con¬ 
sistent  predictor  of  actual  maximum  load.  However,  the  limit  load  predicted  using 
the  ASME  Code  flow  stress  was  8.7Z  higher  on  average  than  that  attained  by  the  pipe 
specimens  during  testing.  The  limit  load  predicted  using  the  base  metal  materials 
property  data  was  an  average  of  3Z  lower  than  that  attained  by  the  pipe  specimens. 

COMPLEX  CRACK  GEOMETRY  PIPE  SPECIMEN  RESULTS 

Since  all  crack  extension  in  the  complex  crack  geometry  pipe  tests  occurred 
in  the  weld  metal,  these  tests  were  analyzed  using  the  ASME  Code  and  weld  metal 
materials  property  data  flow  stresses  only.  The  load  versus  deflection  record  for 
pipe  GAM-600  which  contained  the  complex  crack  geometry  is  given  in  Fig.  23  with 
the  two  calculated  limit  loads.  These  loads  were  calculated  assuming  closure  of 
the  radial  crack  on  the  compressive  side  of  the  neutral  axis  did  not  occur.  I a 
this  case  the  actual  maximum  load  fell  between  the  two  predicted  limit  loads. 

Results  for  both  pipes  tested  with  the  complex  crack  geometry  are  given  in  Table 
4.  Results  for  pipe  specimen  GAM-400  are  clearly  conservative.  This  may  be  due 
to  the  relatively  long  Initial  crack  length  as  well  as  the  considerable  skewing  of 
the  crack  front  which  took  place  during  fatigue  precracking.  The  technique  used 
to  measure  initial  crack  lengths  (linear  averaging  of  crack  length  across  the  wall 
thickness)  may  have  traced  too  such  emphasis  on  the  longer  Internal  crack.  Were 
this  the  case,  the  measured  crack  length  input  into  the  limit  load  expression 
would  be  longer  than  the  effective  crack  length  reuniting  i**  a  lower  prediction  of 
load  carrying  capacity. 
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Table  4.  Pipe  specimen  limit  '•  ad  suuunary 


(simple  crack  geometry) 


Pipe 

ID 

Flow 

Stress 

MPa  (ksi) 

Maximum 

Load 

ktf  (lb) 

Limit 

Load 

kN  (lb) 

BD 

GAM-100 

352(a)  (51.0) 

77.0  (17300) 

93.0  (20900) 

-20.8 

373(b)  (54.1) 

98.7  (22200) 

-28.8 

312(c)  (45.3) 

82.7  (18600) 

-7.5 

GAM-200 

352(a)  (51.0) 

60.9  (13700) 

62.7  (14100) 

-2.9 

373(b)  (54.1) 

66.7  (15000) 

-9.5 

312(c)  (45.3) 

53*6  (12500) 

8.0 

GAM-700 

352(a)  (51. G) 

79.6  (17900) 

96.1  (21600) 

-20.7 

373(b)  (54.1) 

102  (22900) 

-27.9 

312(c)  (45.3) 

85.4  (19200) 

-7.3 

GAM-800 

352(a)  (51.0) 

33.4  (16500) 

73.8  (16640) 

-0.85 

373(b)  (54.1) 

78.3  (17650) 

-6.9 

312(c)  (45.3) 

65.8  (14800) 

10.3 

GAM-900 

352(a)  (51.0) 

84.1  (18900) 

82.7  (18600) 

1.6 

373(b)  (54.1) 

87.6  (19730) 

-4.4 

_ 

312(c)  (45.3) 

74.3  (16700) 

11.6 

(complex  crack  geometry) 


Pipe 

ID 

Flow 

Stress 

MPa  (ksi) 

Maximum 

Load 

kN  ( lb) 

Load 

kN  (lb) 

/P3ax"pU»pnn 
\  pttuax  / 

GAM-400 

352(a) 

(51.0) 

41.8  (9400) 

33.4  (7500) 

20.9 

373(b) 

(54.1) 

35.1  (7900) 

16.5 

GAM-600 

352(a) 

(51.0) 

53.2  (11950) 

50.7  (11380) 

4.9 

373(1) 

(54.1) 

53.8  (12075) 

-1.0 

(a)  3Sm 

(b)  Average  of  Weld  Metal  Yield  and  Tensile  Strengths 

(c)  Average  of  Base  Metal  Yield  and  Tensile  Strengths 
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CON  curs  IONS 


An  experimental  investigation  was  performed  to  determine  the  fracture  toughness 
of  full *iize  welded  4-in.  NPS  type  304  stainless  steel  pipe  with  simple  and  complex 
crack  geometries.  Compact  laboratory  specimens  of  the  same  thickness  as  the  pipe 
wall  were  also  used  to  modal  the  fracture  behavior  of  the  pipes  containing  the 
simple  crack  geometry.  Results  of  the  pipe  fracture  toughness  experiments  were 
analyzed  using  the  value  of  the  J-integrai  at  crack  initiation  and  a  qualitative 
comparison  of  the  J-R  curves.  Additionally,  a  limit  load  analysis  was  performed 
for  all  pipe  specimens.  Several  conclusions  can  be  drawn  from  the  results  of  this 
investigation: 

1.  Crack  Initiation  for  welded  type  304  stainless  steel  pipe  containing  simple 
through-wall  circumferential  cracks  occurred  at  a  J  level  of  approximately  1120 
kJ/rn^  (6400  in-lb/in. 2), 

2.  Increased  crack  tip  constraint  due  to  the  presence  of  the  internal  notch  In 
the  complex  crack  geometry  reduced  the  J  level  at  crack  initiation  by  approximately 
a  factor  of  four  as  compared  to  the  simple  crack  geometry. 

3.  Ovalizatiou  of  the  crack  cross-soction  and  large  amounts  of  plasticity  in  the 
near-crack  region  lead  to  uncertainty  in  elastic  compliance  and  DC  potential  drop 
crack  length  estimation  techniques  respectively. 

4.  Crack,  initiation  for  compact  specimens  occurred  at  an  average  J  level  of 
1050  kJ/m^  (6000  in-lb/in,^). 

5.  Good  agreement  between  the  pipe  and  compact  specimens  using  the  DC  potential 
drop  technique  indicates  that  crack  initiation  toughness  measurements  on  laboratory- 
size  specimens  may  be  applicable  to  pipe  geometries. 

6.  The  accuracy  of  the  limit  load  analysis  was  variable  for  the  pipes  containing 
the  simple  crack  geometry.  The  limit  load  calculated  using  the  ASME  Code  3  Sm 
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flow  stress  was  the  most  consistent  predictor  of  maximum  load  of  the  three  flow 
stresses  used,  but  was  an  average  of  8.7Z  nonconservative. 

7.  In  some  cases  the  cracks  grew  out  of  the  weld  metal  and  into  the  base  metal 
during  the  tests .  In  these  cases,  better  agreement  was  seen  between  the  maximum 
load  and  the  limit  load  calculated  using  the  base  metal  materials  property  data. 

8.  The  limit  load  analysis  was  a  much  more  conservative  predictor  of  maximum 
load  for  the  pipes  containing  the  complex  crack  geometry.  The  actual  maximum 
load  attained  in  both  tests  was  greater  than  the  limit  load  calculated  using 
the  ASME  3Sm  flow  stress. 
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Schematic  of  pipe  loading  configuration 
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PIPE  CRACK  GEOMETRIES 


_ SIMPLE  CRACK _ 

9  *  CIRCUMFERENTIAL  CRACK  LENGTH 
m  =*  MEAN  RADIUS 
t  =PIPEWALL  THICKNESS 


_ COMPLEX  CRACK _ 

26  -  CIRCUMFERENTIAL  CRACK  LENGTH 

Rm  =  MEAN  RADIUS 
t  *  PIPE  WALL  THICKNESS 
a  =>  RADIAL  CRACK  LENGTH 


Fig.  2.  Simple  and  complex  crack  geometries. 
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Elastic  compliance  calibration  curve  for  pipe  geometries 
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CRACKED 


Fig,  5*  Pipe  crack  cross-section  showing  limit  load  parameters. 
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Fig.  9.  Comparison  of  J-R  curves  for  pipe  specimens  containing  simple 
crack  geometry  from  elastic  compliance. 
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Fig.  18.  J-R  curve  results  for  IT,  2T,  and  3T  plan  compact  teiui«n  specimens 
’  from  DC  potential  drop. 
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